We investigated the pregnancy-induced changes in macrophage activity which are important in the expression of host defense against infections. Several macrophage functions were examined by using Listeria monocytogenes. In pregnant mice, prolonged survival and enhanced in vivo elimination of bacteria were observed in the early phase of primary infection. Functions of peritoneal macrophages, including in vitro phagocytosis, intracellular killing, glucose consumption, generation of superoxide anion, and intracellular Il-glucuronidase activity were shown to be enhanced in pregnant mice. These findings indicate that pregnancy enhances macrophage functions qualitatively. Possible mechanisms for this enhancement and the significance of macrophage activation for pregnant hosts are discussed.
It is well known that a pregnant host shows several modifications in immune responses. Impairments during pregnancy have been reported in cell-mediated immunity, including delayed-type hypersensitivity (5, 13) , skin allograft rejection (7), a proliferative response to mitogens and antigens (34), a mixed lymphocyte response (14, 33) , and generation of cytotoxic T lymphocytes (6, 9) . Although these immunological changes may be beneficial in maintaining the fetus during pregnancy, such changes may affect the selfdefense of pregnant hosts against infectious agents.
Macrophages are known to function as primitive scavenger phagocytes which are important in the early phase of host defense against microorganisms (2, 10) and as final effector cells in lymphokine-mediated cellular immunity (24) and in antibody-dependent cell-mediated cytotoxicity (20) . There are several reports suggesting an augmentation of macrophage functions during pregnancy, such as increased clearance of carbon particles (30, 31) and enhanced random migration (19) ; however, reports dealing with infections are very few (18, 21) . It seems important to study the effect of pregnancy on macrophage functions, especially from the viewpoint of protection against infections, because macrophages play important roles not only in protection against infections but also in the induction of subsequent immune responses as accessory cells (36) and regulator cells (17) .
In experimental murine infection with Listeria monocytogenes, one of the facultative intracellular bacteria, it is well known that the final effectors in protection are macrophages (23, 24, 27) . Polymorphonuclear cells do not contribute significantly (35) , and antibodies have no role in protection (26) . In the primary infection of mice with L. monocytogenes, resistance is attributable to nonactivated macrophages in the early phase of infection, whereas immunologically activated macrophages are required for the complete elimination of bacteria in the late phase of infection (27, 29) . Therefore, L. monocytogenes seems to be one of the most appropriate targets for investigating the effect of pregnancy on macrophage function. * Corresponding author.
In the present study, macrophages were obtained from primiparous syngeneically pregnant mice and macrophage functions were examined with respect to protection against infection with L. monocytogenes.
MATERIALS AND METHODS
Mice. Specific-pathogen-free BALB/c mice were obtained from Shizuoka Laboratory Animal Center, Shizuoka, Japan. Virgin females, 8 to 10 weeks old, were mated with syngeneic male mice over a period of 3 days, and pregnancy was confirmed by vaginal plugs and palpitation of fetuses. The mice were used for experiments at 12 to 14 days of pregnancy. Nonpregnant virgin mice of the same age were used as controls.
Bacteria. L. monocytogenes EGD was maintained by serial passage in BALB/c mice. Fresh isolates were obtained from spleens, grown in tryptic soy broth (Difco Laboratories, Detroit, Mich.) at 37°C for 14 h, washed repeatedly, and stored at -70°C in phosphate-buffered saline until use.
Survival after inoculation with L. monocytogenes. Pregnant and nonpregnant mice (10 in each group) were observed for 10 days after intravenous challenge with 1.4 x 104 or 1.2 x 106 viable bacteria.
Determination of bacterial growth. Pregnant and nonpregnant mice were inoculated intravenously with 6.8 x 103 or 1.5 x 106 viable bacteria. Groups of mice were killed 10 min and 6 and 24 h after inoculation. Their spleens were removed aseptically and homogenized in 10 ml of phosphate-buffered saline. The homogenates were serially diluted 10-fold with phosphate-buffered saline, and bacteria were enumerated by the pour-plate method.
Absolute number and differential cell counts of peritoneal incubator to allow the macrophages to ingest the bacteria. After incubation, nonphagocytized bacteria were washed away and the monolayers were stained with Giemsa solution. For estimating the degree of phagocytosis, the number of phagocytized bacteria in 300 macrophages was counted microscopically and expressed as a percentage.
In vitro intracellular killing by peritoneal macrophages. Listericidal activity of macrophages was assayed by the method of Van Furth and Van Zwet with some modification (37) . Briefly, 5 x 106 proteose-peptone-induced PEC were mixed with 1 x 107 viable L. monocytogenes cells in RPMI 1640 medium supplemented with 0.1% gelatin and 5% fresh homologous serum. The mixture was then incubated at 37°C in a CO2 incubator for 20 min to allow phagocytosis of the bacteria. To remove the extracellular bacteria, the cell suspension was washed three times by centrifugation at 900 rpm for 5 min after incubation. The cells containing ingested bacteria were then suspended in RPMI 1640 medium supplemented with 5% homologous serum at a concentration of 5 x 106 cells per ml. After 0, 30, 60, and 120 min of incubation at 37°C in a CO2 incubator, the number of viable bacteria remaining in the cells was determined by culturing on nutrient agar after disrupting the cells with cold distilled water. The rate of intracellular killing was determined by the following formula: % intracellular killing = 100 x [(number of bacteria after 0 min of incubation) -(number of bacteria after the time of incubation)]/(number of bacteria after 0 min of incubation).
Assay for glucose consumption. Glucose consumption was assayed by the modified method of Ryan et al. (32) . Resident peritoneal cells were washed three times with HBSS and suspended at a concentration of 2.5 x 106 cells per ml in RPMI 1640 medium supplemented with 10% NU-SERUM, 100 IU of penicillin G (Banyu Seiyaku Co., Tokyo, Japan) per ml, and 100 ,ug of streptomycin (Meiji Seiyaku Co., Tokyo, Japan) per ml (complete RPMI medium). The cell suspension (0.2 ml) was cultured in 96-well flat-bottomed microtiter plates (Corning Glass Works, Corning, N.Y.). After 2 h of incubation at 37°C in a CO2 incubator, nonadherent cells were removed by repeated washing. Finally, 200 ,ul of complete RPMI 1640 medium was added, and the cells were incubated at 37°C in a CO2 incubator. After 48 h of incubation, 20 ,ul of the medium was removed and the glucose content was measured with a Glucose B-Test Wako kit (Wako Chemicals, Tokyo, Japan) consisting of glucose peroxidase, phenol, and 4-aminoantipyrine. Percent glucose consumption was calculated by the following formula: % glucose consumption = 100 x [(amount of glucose remaining in the control sample) -(amount of glucose remaining in the test sample)]/(amount of glucose remaining in the control sample).
Assay of superoxide anion generation. 
RESULTS
Enhanced resistance against L. monocytogenes at an early phase of primary infection in pregnant mice. To assess resistance against primary infection with L. monocytogenes, groups of pregnant and nonpregnant mice were challenged intravenously with high and moderate doses of viable bacteria. After 10 days of observation, the cumulative survival rate was calculated for each group of mice. All of the nonpregnant mice died by day 4 after inoculation with 1.2 x 106 bacteria, whereas pregnant mice died between days 4 and 6 after inoculation. When mice were inoculated with 1.4 x 10' bacteria, 40% of the nonpregnant mice did not survive, whereas all of the pregnant mice survived (Fig. 1) . A similar difference between the two groups was shown by examination of the number of bacteria in the spleen. The number of bacteria in pregnant mice was smaller than the number in nonpregnant mice 24 h after challenge with 6.8 x 103 (P < 0.001) or 1.5 x 106 (P < 0.001) L. monocytogenes cells (Fig.  2) . Because protection at an early phase after primary infection with L. monocytogenes depends on the activity of nonimmune macrophages (27) , these results suggested that the activity of nonimmune macrophages was enhanced in pregnant mice.
Numbers and populations of peritoneal cells. To determine whether there was a quantitative change in macrophages during pregnancy, peritoneal cells were examined for their macrophage population. The total numbers of nontreated resident peritoneal cells and proteose-peptone-induced PEC from pregnant mice were about 130% of those from nonpregnant mice. However, the percentage of peritoneal macrophages in the total cells was almost the same for each group, about 30% in the resident peritoneal cells and about 70% in the proteose-peptone-induced PEC (Table 1 ). In the VOL. 52, 1986 on November 6, 2017 by guest http://iai.asm.org/ Downloaded from present study, peritoneal cells were used as a macrophage source without purification of the macrophages from the peritoneal cells.
Enhancing effect of pregnancy on phagocytic activity of macrophages. The ability of macrophages to phagocytize viable L. monocytogenes in vitro was compared for peritoneal macrophages from pregnant and nonpregnant mice. After 20 min of incubation, 66.0 and 44.3% of the macrophages from pregnant and nonpregnant mice, respectively, phagocytized L. monocytogenes (Fig. 3A) . In the pregnant group, the total number of phagocytized bacteria in 100 macrophages was almost twofold higher than that in the nonpregnant group (Fig. 3B) . It was also found that individual macrophages from pregnant mice phagocytized more bacteria than those from nonpregnant mice (Fig. 3A) . These results suggested that macrophages from pregnant mice could phagocytize L. monocytogenes more effectively than those from nonpregnant mice.
Enhancing effect of pregnancy on listericidal activity of macrophages. To assess the listericidal activity of macrophages, in vitro intracellular killing activity was examined. The killing activity of macrophages from pregnant mice was higher than that of macrophages from nonpregnant mice for every incubation time. The macrophages from the pregnant mice killed 55.1% of the phagocytized listeria after 120 min of incubation, whereas the macrophages from the nonpregnant mice killed 37.2% (Fig. 4) . The absolute number of viable bacteria after 0 min of incubation per 5 x 106 PEC was 6.49 x 106 in the pregnant group and 4.68 x 106 in the nonpregnant group; therefore, the absolute reductions in the number of bacteria were 3.58 x 106 and 1.74 x 106, respectively. This experiment showed that the bactericidal activity of macrophages was higher in pregnant than in nonpregnant mice.
These results strongly suggested that macrophage functions in pregnant mice were significantly superior to those in nonpregnant mice since there was no significant difference in the number of macrophages between the pregnant and nonpregnant groups.
Enhancing effect of pregnancy on glucose consumption, superoxide anion generation, and intracellular ,-glucuronidase activity. To assess the effect of pregnancy on metabolic changes in macrophages, glucose consumption, superoxide anion generation, and 3-glucuronidase activity were examined (Table 2) . It has been shown that activated macrophages exhibit accelerated utilization of glucose (32) . Glucose consumption by macrophages from pregnant mice (25.5%) was almost twofold higher than that by macrophages from nonpregnant mice (14.4%). The production of hydrogen peroxide (H202), superoxide anion, and hydroxyl radical (OH-) has been correlated with phagocytic killing in both macrophages and polymorphonuclear leukocytes (1). Superoxide anion generation by macrophages from pregnant mice was actually higher than that by macrophages from nonpregnant mice (P < 0.05). It was also shown that the activity of P-glucuronidase, one of the lysosomal enzymes, was significantly higher in macrophages from pregnant mice. These results suggested that pregnancy has an enhancing effect on several macrophage functions which are important in the expression of antibacterial defense.
DISCUSSION
Pregnancy-induced susceptibility has been reported for experimental bacterial (18, 21) , protozoal (21, 38, 39) , and viral infections (4, 8, 11) against primary infection with L. monocytogenes was investigated to examine the effect of pregnancy on macrophages in the early phase of infection with microorganisms. In the studies of in vivo protection, prolonged survival and increased survival rate were observed for pregnant mice in comparison with nonpregnant mice after challenge with different doses of L. monocytogenes. The pregnant mice seemed to exhibit enhanced protection. The number of bacteria in the spleen was also smaller in the pregnant group in the early stage of infection, in which the protective mechanism has been ascribed mainly to nonimmune macrophages. These results suggested that quantitative or qualitative changes were induced in macrophages during pregnancy. Morphologically, macrophages from pregnant mice were larger, with substantial vacuolation apparent under light microscopy; with the electron microscope, enhanced ruffling of the membrane was also apparent (data not shown), suggesting a qualitative change. Therefore, we examined macrophage functions in vitro by using peritoneal macrophages, with which it was possible to analyze qualitative This activation depended on metabolic changes in the macrophages. Actually, glucose consumption, superoxide anion generation, and intracellular ,B-glucuronidase activity were higher in macrophages from pregnant mice. Some of these biochemical changes may have accounted for the enhanced listericidal activity, although there is a report that the reactive oxygen intermediate does not contribute to intracellular killing of listeria (t16).
From these data, it is evident that macrophages were qualitatively activated during pregnancy, contributing to some extent to enhanced protection at an early nonimmune phase of infection. On the other hand, there are several reports showing pregnancy-induced susceptibility to infections (18, 21) . This discrepancy seems to be a result of the fact that in these studies the investigators observed the B (12, 25) . In these instances, it seems that macrophages are activated to compensate for the impaired specific immunity. The change of macrophage function during pregnancy was so 
